The molecular structure of poly(3-alkylthiophene-2,5-diyl) (P3AT) in an amorphous film are revealed that the short axis of the thiophene ring is highly kept parallel to the substrate; whereas the long axis along the polymer chain is largely disordered, which is unveiled by infrared p-polarized multiple-angle incidence resolution spectrometry (pMAIRS) technique. This analysis is achieved by analyzing the orientation angles of mutually orthogonal three vibrational modes localized on the thiophene ring with an aid of a newly developed structural index. This new analytical technique is useful irrespective of the crystallinity of the thin film. As a result, the intrinsic chemical parameters controlling the molecular orientation are understood in a unified manner, and the reason the hexyl group gives the best result for a photovoltaic cell is also revealed. (127 words)
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INTRODUCTION
Poly(3-alkylthiophene-2,5-diyl) 1 (P3AT) is a representative conjugated polymer compound having a solution processability, especially for the hexyl group-containing polythiophene, poly(3-hexylthiophene-2,5-diyl) (P3HT), which is employed as an active material in an organic field effect transistor (OFET) 2 and organic photovoltaic (OPV) 3 device due to the high carrier mobility in a thin film. 4, 5 The device performance strongly depends on the molecular aggregation structure
represented by the molecular orientation and the crystallinity in the thin film. 4, [6] [7] [8] [9] [10] [11] For example, when the thiophene rings are oriented parallel to the substrate in the film (the "face-on" orientation), the film is suitable for the active layer in OPV, 7, 8 since the charge transport is in the perpendicular direction to the substrate. On the other hand, in OFET, the source-drain electrodes are aligned parallel to the substrate. Considering this current direction, the thiophene stacking direction should be parallel to the substrate, in which the ring plane is oriented perpendicular to the substrate, corresponding to the "edge-on" orientation. 4 A number of former studies report that the molecular orientation in the P3AT films can be controlled by the coating technique, 4, [11] [12] [13] [14] the solvent, 9,15 the substrate surface [16] [17] [18] and the material properties such as the molecular weight, 18, 19 the 4, 14, 20 and the chemical structure. 10, 21 For example, the face-on orientated P3AT film is obtained by: i) the spin-coating technique from chloroform solution [22] [23] [24] and ii) the friction transferred method. [11] [12] On the other hand, the edge-on orientation is induced by: i) drop-casting 4,14 or spin-coating at a low spin-speed, 25 ii) using the high-boiling point solvents such as 1,2,4-trichlorobenzene 9,24 and iii) drop-casting on a hydrophobic Si wafer surface covered with a self-assembled monolayer of hexamethyldisilazane or octadecyltrichlorosilane. 16, 18 The degree of orientation is further driven by the molecular weight, [18] [19] the regioregularity 4, 14, 20 and the film thickness. 14 In addition, the "end-on" orientation, in which the main chain has a perpendicular stance to the substrate, is generated by exposing a poly(3-buthylthiophene-2,5-diyl) (P3BT) film to carbon disulfide vapor. 26 Also, Tajima and co-workers have recently reported that an end-functionalized P3BT 27 with a perfluoroundecyl group exhibits the end-on orientation in a spin-coated film due to the surface segregation of the perfluoroalkyl chains. 21 In this manner, chemical factors controlling the molecular orientation in a P3AT film have extensively been investigated thus far. The correlation between the primary molecular structure and the final molecular orientation in a thin film is, however, still ambiguous and experiences are needed. For instance, the molecular orientation as a 32 etc. The molecular mechanism, in addition, to explain the reason the "hexyl" chain yields a best result for both OPV and OFET devices is also still unclear.
One of the reasons of the ambiguous understanding is because an analytical technique using a laboratory equipment for revealing the molecular orientation of each chemical group is not recognized. To evaluate the molecular orientation in a P3AT film with a high sensitivity, the X-ray diffraction 4, 14 or near-edge X-ray absorption fine structure (NEXAFS) 25, 33 technique using a synchrotron radiation source is often employed, which is a barrier for analyzing a thin film in handy.
To get over the difficulty, IR pMAIRS [34] [35] [36] [37] that is a useful spectroscopic tool for revealing the molecular orientation in an organic thin film in a laboratory 38, 39 is powerful, since IR pMAIRS works irrespective of the crystallinity of the thin film.
Since the polymer thin film prepared via a solution process often has a poor crystallinity due to the flexible long polymer chains, IR pMAIRS is useful to reveal the molecular orientation in a polymer thin film. 24, [40] [41] [42] In the present study, in addition, a novel structural index is proposed to make the amorphous film has experimentally been revealed that the short axis of the thiophene ring proves to be highly kept parallel to the substrate surface while the long axis is largely disordered because of the poor alignment of the polymer chains. This technique is also highly useful to discriminate the ring-parallel orientation from the ring-vertical one on a Fourier transform infrared (FT-IR) spectrometer that is quite popular in a laboratory. As a result, the molecular orientation has been found to be strongly influenced by the molecular aggregation structure in the solution needed for the film preparation. In other words, the controlling mechanism of the molecular orientation considering the primary chemical structure via the molecular aggregation property has apparently been revealed by using the IR pMAIRS technique.
EXPERIMENTAL METHODS:
Sample preparations: Regioregular-poly(3-butylthiophene-2,5-diyl) (RR-P3BT) was obtained from Alfa Aesar (Ward Hill, MA, USA). RR-poly(3-hexylthiophene-2,5-diyl) (P3HT) (M n : 15,000~45,000), poly(3-octylthiophene -2,5-diyl) (P3OT) (M n : ~25,000) and poly(3-dodecylthiophene-2,5-diyl) (P3DDT) (M n : ~27,000) were purchased from Aldrich (Milwaukee, WI, USA), which were used without further purification. IR pMAIRS yields both IP (in-plane) and OP (out-of-plane) spectra
simultaneously from an identical sample, which correspond to the conventional transmission and reflection-absorption spectra, respectively. The molecular orientation can directly be analyzed by choosing the optimal angles of incidence, 37 with which no knowledge of optical parameters is needed. The orientation angle, φ, is calculated by using the MAIRS dichroic ratio, IP OP I I , as follows. 
Here, I IP and I OP are absorbances of an analytical band appeared in the IP and OP spectra, respectively, and φ is the uniaxial orientation angle of the vibrational mode defined from the surface normal. The simple calculation procedure of the molecular orientation is another benefit of using the IR pMAIRS technique.
UV-vis measurements:
The UV-vis spectra were measured by the use of a Jasco (Tokyo, Japan) V-630 UV-vis spectrometer. The spin-coated films for the UV-vis analysis were prepared on a CaF 2 substrate, which was purchased from Pier Optics (Gunma, Japan), and the size of the substrate was 40 × 20 × 1 mm 3 .
XRD measurements: X-ray diffraction (XRD) analysis was performed on a Rigaku
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(Tokyo, Japan) Smartlab X-ray diffractometer by a parallel beam method, using Cu-Kα radiation (λ = 0.154 nm) generated at 40 kV and 30 mA. The angle between the incidental X-ray and the substrate was fixed at 0.15°, which is smaller than the critical angle of the total reflection at the air/silicon interface (0.23°).
RESULTS AND DISCUSSION
Molecular orientation of the thiophene rings: Figure 1 through 4 present IR pMAIRS spectra of four P3AT films: P3BT, P3HT, P3OT and P3DDT prepared on a silicon wafer.
The red and blue spectra are the MAIRS-IP and OP spectra, respectively. In the fingerprint region, the ring anti-symmetric stretching (denoted as ν(C=C)) and C-H out-of-plane deformation vibration (γ(C-H)) modes of the thiophene ring appear at ca.
1510 and 820 cm -1 , respectively. 43 Although the mode at ca. 820 cm -1 is denoted as δ(C-H) in our previous study, 24 this mode is rewritten as γ(C-H) to emphasize that it is the 'out-of-plane' deformation vibration in the present study. In former studies, the γ(C-H) mode is found highly localized at the C-H group of the thiophene ring, which has a perpendicular transition moment to the ring plane; 24, 44 whereas the ν(C=C) mode is highly oriented along the polymer skeletal direction. 33, 44 Fortunately, the absorption coefficients of these modes are large enough to analyze the molecular orientation in a thin film. Therefore, the γ(C-H) and ν(C=C) bands are both quite useful for discussing Figure 5 ).
The ν(C=C) band at ca. 1510 cm -1 has a common trend to both P3BT and P3HT films in Figures 1 and 2 , respectively: the IP band is apparently larger than the OP one.
This MAIRS dichroic ratio (Eq. 1) indicates that the main chain should lie on the substrate surface in both films. At this moment, the ring-parallel and ring-vertical orientations are indistinguishable, and a further molecular orientation analysis of the thiophene ring is necessary to determine the orientation. For the purpose, the γ(C-H) band works powerfully. This band exhibits a largely different dichroic ratio between the P3BT and P3HT films. While the P3BT film has a stronger IP band at ca. 820 cm -1 than the OP one (Figure 1 ), the P3HT one has a dominantly strong OP band (Figure 2 ). This indicates that the P3BT and P3HT films can be categorized into the 'ring-vertical' and 'ring-parallel' orientations, respectively. 24 The molecular orientation in a P3AT film thus sensitively responds to the alkyl sidechain length. In a similar manner, the molecular orientation in the P3OT and P3DDT films was analyzed ( Figure 3 and 4) . Both films are categorized into the ring-parallel orientation, which is a common trend to the P3HT film.
With the IR pMAIRS spectra, the orientation angles, ߶ େିୌ and ߶ େୀେ , are easily 
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calculated by using Eq. 1. 39 The ߶ େିୌ is calculated by the use of the γ(C-H) band, which is the angle between the phenyl ring-normal and the substrate surface-normal (Figure 5b ). Of note is that the ߶ େିୌ geometrically equals to the tilt angle, ߶ ୲୧୪୲ , between the thiophene ring and the substrate surface (Figure 5b ). On the other hand, the ߶ େୀେ is calculated by the use of the ν(C=C) band, which corresponds to the angle between the polymer main chain and the surface normal (Figure 5b ). Note that the calculated angle is the average of all the rings involved in the film.
The calculated orientation angles are listed in Table 1 . The P3BT film, which has the ring-vertical orientation, has a larger ߶ େୀେ (76°) than the rest films (P3HT, P3OT
and P3DDT) having the ring-parallel orientation. This means that the main chains are better ordered in the film for the ring-vertical orientation, which corresponds to a fact that the P3BT film has a higher crystallinity than the ring-parallel films as discussed later.
When Table 1 is referred, the P3HT film has the smallest tilt angle of ߶ େିୌ (28°) of the four samples. Therefore, the P3HT film is found to have architecture closest to the ring-parallel orientation in the P3AT family. When the attached alkyl chain is longer, the tilt angle becomes larger keeping the ring-parallel orientation.
A new schematic image of the face-on orientation: Here, the reason why the takes the ring-parallel orientation, the molecules should theoretically be piled up with a parallel orientation to the substrate surface. In practice, however, the long polymer chains cannot help being piled up in a messy manner, which makes the molecules disordered ( Figure 5a ). In fact, the tilt angle of the long axis of the thiophene ring (x-axis in Figure 5a ), ߶ େୀେ , is close to the magic angle of 54.7° especially for P3OT
and P3DDT (Table 1) .
What would happen, if the short axis of the ring (y-axis in Figure 5a ) is fixed In fact, P3HT, P3OT and P3DDT films roughly satisfies this theoretical expectation:
߶ େୀେ + ߶ େିୌ falls in a range from 83° to 91° (Table 1) , which paradoxically implies that the short axis of the thiophene ring is highly kept parallel to the substrate, which is an accurate schematic of the ring-parallel orientation. In this manner, ߶ େୀେ + ߶ େିୌ , is a quite useful index to reveal the structural characteristic of the ring-parallel orientation of the long polythiophene.
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When the molecules are spontaneously aggregated (not piled up) via the inter-plane interaction of the thiophene rings to form a "planar aggregate" on the substrate, on the other hand, the short axis of the polymer chain should stand perpendicularly to the substrate surface. In short, the ring-vertical orientation is induced by the molecular spontaneous aggregation, in which the index of ߶ େୀେ + ߶ େିୌ should be largely apart from 90°, since the short axis is far from parallel to the substrate surface.
In fact, the P3BT film is true of this 'edge-on' orientation pattern (Table 1 ; ߶ େୀେ + ߶ େିୌ = 135°). In this manner, the new index, ߶ େୀେ + ߶ େିୌ , proved to be an useful marker to distinguish the ring-parallel orientation from the ring-vertical one for the P3AT thin films. The molecular orientation image discussed by the orientation angle analysis in the previous section has thus been reconfirmed. Molecular orientation analysis on the alkyl sidechain length: As discussed above, the orientation of the thiophene ring is not a monotonous function of the alkyl chain length: only P3BT is an outlier. To consider the influence of the alkyl sidechain length, the IR bands in the C-H stretching vibration region (3000 -2800 cm -1 ) are analyzed. In Figures 1-4 , both IP and OP spectra have a similar shape and intensity, which apparently implies that the alkyl chains are disordered in the film. 24 In fact, the CH 2 anti-symmetric stretching vibration (ν a (CH 2 )) band, which is known as a In general, the conformation improves as the alkyl chain length increases due to the van der Waals interaction between the alkyl chains. 47 Nevertheless, even in P3DDT
with the long alkyl sidechains, the spectra indicate that the dodecyl chains are not ordered ( Figure 4 ). In fact, the CH 2 symmetric stretching vibration (ν s (CH 2 )) band also exhibits a higher wavenumber than the all-trans position (2850 cm -1 ).
46
Of another importance is that the ν a (CH 2 ) band in the OP spectra of the P3BT, P3OT and P3DDT films exhibits a slight high-wavenumber shift (MAIRS-shift) as compared to that in the IP spectrum (Figure 1, 3 and 4) ; whereas the P3HT film exhibits no MAIRS-shift (Figure 2 ). According to Hasegawa et al., 48, 49 the MAIRS-shift is a useful marker that 1) the alkyl chain has a largely disordered (nearly bending) conformation and 2) the entire chain has a roughly perpendicular stance to the substrate surface. Since the P3BT film has the ring-vertical orientation, the second item is satisfied. Therefore, the MAIRS-shift in Figure 1 should be attributed to the poor molecular aggregation between the too short alkyl chains.
On the other hand, the P3OT and P3DDT films also exhibit the MAIRS-shift although both films have the ring-parallel orientation, which strongly suggests that a
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Physical Chemistry Chemical Physics Accepted Manuscript disordered conformation of the alkyl chains due to the long sidechain is due to the bent chains "out of the film plane." In this sense, only the exception of the P3HT film is impressive: no MAIRS-shift strongly implies that the hexyl chain has an appropriate length that can be involved within a molecular plane, although the conformation is disordered (ν a (CH 2 ) at 2927 cm -1 ). This unique planar molecular aggregate structure with the ring-parallel orientation should be the reason why P3HT is chosen for a practical OPV device, which works for smooth charge transportation perpendicular to the substrate.
Confirmation of the molecular aggregation in films:
The ring-vertical orientation is generated as a result of a strong inter-molecular interaction, which should be correlated with the crystallinity. To confirm this expectation, XRD patterns of the four P3AT films were measured as presented in Figure 6 . As expected, only the P3BT film exhibits a strong diffraction peak at a low angle (2θ = 7.2°), which is correlated with the index of 100 associated with the crystallographic direction along the alkyl sidechains in the lamellar structure. 50 On the other hand, the rest P3HT, P3OT and P3DDT films have ambiguously weak diffraction peaks only, which indicates that these three films have an extremely low crystallinity i.e., nearly amorphous state. This straightforwardly implies that the ring-parallel orientation is not driven by the π-stacking or formation of the The difference in molecular aggregation should also be reflected in UV-vis spectra. Figure 7 shows two representative UV-vis spectra of the P3BT and P3HT in chloroform solution (a) and in films (b). According to Clark et al., an UV-vis spectrum of P3HT consists of short and long wavelength components. 51 The short wavelength component is correlated with the amorphous regions having disordered chains; whereas the long wavelength one is due to the crystallite regions, in which the thiophene rings are weakly associated with each other via the H-aggregation. In addition, Brown et al.
states that the shoulder peak at 610 nm in the long wavelength component is a result of the inter-chain π−π interaction. 52 It is apparent in Figure 7b that the P3BT "film" has the long wavelength component compared to the P3HT film, and thus P3BT in the film proves to have a stronger molecular aggregation property than P3HT. This result supports the XRD analysis. The molecular aggregation property influences the molecular orientation in a film via the solubility in a solution as discussed below.
Influence of the solubility on the molecular orientation: The UV-vis spectrum of the chloroform "solution" of P3BT (blue curve in Figure 7a ) apparently has two long-wavelength components at 560 nm and 610 nm as found in the film spectrum (Figure 7b ). This implies that the molecular aggregate is generated even in a P3BT In a similar manner, UV-vis spectra of a chloroform solution and a film of P3HT
were measured ( Figure 7 ). The red spectrum of the P3HT "solution" exhibits a shorter-wavelength shift to that of the "film." The shoulder component at 560 nm recognized in the film spectrum is completely lost in the solution spectrum. Thus, the difference of the chain length of the butyl and hexyl chains makes the solubility largely different. In this manner, the solubility of P3AT is a conveniently useful factor to predict the final molecular orientation.
Influence of the zipper effect on the molecular orientation: On the other hand, the UV-vis spectra of P3AT except P3BT in the "solution" are nearly identical to each other (Figure 8a ). The P3HT, P3OT and P3DDT "films", however, yield largely different spectra from each other: the main band exhibits a red shift and the shoulder peak at 610 nm increases with increasing the alkyl chain length (Figure 8b ). This indicates that the intermolecular association improves with the alkyl chain length, which means that the 
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P3HT film has the weakest molecular aggregation property of the three ring-parallel films. In fact, this correlates well with the IR result that P3HT most favors the ring-parallel orientation in the P3AT family.
According to Tashiro et al., 32 the conjugation length of a thiophene skeletal chain measured at room temperature increases as the alkyl sidechain length increases due to the "zipper effect": the planar arrangement of the thiophene rings improves with an aid of the interaction between the neighboring alkyl sidechains. Considering this zipper effect, P3DDT with the long alkyl sidechain should have a strongest molecular aggregation property in the four samples, and P3BT is expected to have a weakest one.
In fact, P3DDT has a larger intermolecular interaction than P3HT and P3OT in the film as evidenced by the intensity of the shoulder peak at 610 nm in the UV-vis spectra.
P3BT has, however, another characteristic that the molecules are highly aggregated in the film reflecting the poor solubility in a solvent. As a result of the concerned solubility and zipper effects, P3HT becomes the winner to have the smallest molecular aggregation property to yield the "best ring-parallel" orientation in the P3AT family.
Summary:
A novel structural index is proposed, which is useful to specify the ring-parallel orientation in a P3AT thin film by using the quantitative molecular orientation angles revealed by the IR pMAIRS technique. The new index of ߶ େୀେ + 
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߶ େିୌ is highly useful, which readily distinguishes the two different orientations: the ring-parallel orientation satisfies ߶ େୀେ + ߶ େିୌ ≈ 90°; whereas the summation is significantly greater than 90° in the ring-vertical one. By using the structural index, the molecular orientation analysis of the P3AT films has become an easy task on a laboratory equipment of FT-IR. By using the chemically rich information of the IR spectra, the chemical mechanism to control the molecular orientation has been revealed as a function of the sidechain length of P3AT, which was readily supported by XRD and UV-vis data P3BT has the ring-vertical orientation in the film, since ߶ େୀେ + ߶ େିୌ (135°) is significantly greater than 90°. The short sidechain of the butyl group particularly contributes to the strong molecular aggregation at an early stage in a solution, which has a strong correlation with the poor solubility in a solvent. As a result, the compound retains the aggregation character after transferred in a film, and the thiophene ring plane is oriented perpendicular to the substrate. This is the chemical origin of the ring-vertical orientation.
On the other hand, the P3HT, P3OT and P3DDT films roughly satisfy ߶ େୀେ + ߶ େିୌ = 90°, which indicates that these compounds have the ring-parallel orientation guaranteeing a highly parallel orientation of the short axis of the thiophene 
